BACKGROUND: Although rare in the United States, gallbladder cancer (GBCA) is a common cause of cancer death in some parts of the world. To investigate regional differences in pathogenesis and outcomes for GBCA, tumor mutations were analyzed from a sampling of specimens. METHODS: Primary tumors from patients with GBCA who were treated in Chile, Japan, and the United States between 1999 and 2016 underwent targeted sequencing of known cancer-associated genes. Fisher exact and Kruskal-Wallis tests assessed differences in clinicopathologic and genetic factors. Kaplan-Meier methods evaluated differences in overall survival from the time of surgery between mutations. RESULTS: A total of 81 patients were included. Japanese patients (11 patients) were older (median age, 72 years [range, 54-81 years]) compared with patients from Chile (21 patients; median age, 59 years [range, 32-73 years]) and the United States (49 patients; median age, 66 years [range, 46-87 years]) (P = .002) and had more well-differentiated tumors (46% vs 0% for Chile/United States; P < .001) and fewer gallstone-associated cancers (36% vs 67% for Chile and 69% for the United States; P = .13). Japanese patients had a median mutation burden of 6 (range, 1-23) compared with Chile (median mutation burden, 7 [range, 3-20]) and the United States (median mutation burden, 4 [range, 0-27]) (P = .006). Tumors from Japanese patients lacked AT-rich interaction domain 1A (ARID1A) and phosphatidylinositol-4,5-bisphosphate 3-kinase catalytic subunit alpha (PIK3CA) mutations, whereas Chilean tumors lacked Erb-B2 receptor tyrosine kinase 3 (ERBB3) and AT-rich interaction domain 2 (ARID2) mutations. SMAD family member 4 (SMAD4) was found to be mutated similarly across centers (38% in Chile, 36% in Japan, and 27% in the United States; P = .68) and was univariately associated with worse overall survival (median, 10 months vs 25 months; P = .039). At least one potentially actionable gene was found to be altered in 80% of tumors. CONCLUSIONS: Differences in clinicopathologic variables suggest the possibility of distinct GBCA pathogenesis in Japanese patients, which may be supported by differences in mutation pattern. Among all centers, SMAD4 mutations were detected in approximately one-third of patients and may represent a converging factor associated with worse survival. The majority of patients carried mutations in actionable gene targets, which may inform the design of future trials. Cancer 2019;125:575-585.
INTRODUCTION
Gallbladder cancer (GBCA) is the most common biliary tract malignancy and often is rapidly fatal. 1 Marked differences in global incidence have been noted, with the highest incidence observed in South America. 2 Although the incidence and mortality from GBCA have been rising globally, epidemiologic studies have found that the clinical presentation and pathology of GBCA varies between regions. [3] [4] [5] Of all countries, Chile has the highest GBCA-specific mortality rate, and GBCA is one of the most common causes of cancer death among Chilean women. 6, 7 In Japan, the incidence of GBCA is high, but it appears to have a lower associated mortality rate. 8 Key differences in GBCA tumor biology have been identified across regions. Although the presence of gallstones, chronic inflammation, and an anomalous pancreatobiliary duct junction may predispose an individual to GBCA, the Cancer February 15, 2019 prevalence of these risk factors differs around the world. 9 For example, gallstones are more commonly associated with GBCA in Chile and the United States, whereas an anomalous pancreatobiliary duct junction rarely is reported outside of Japan. 10, 11 It is interesting to note that KRAS mutations have been associated with this anomaly, suggesting that differences in clinical risk factors may be associated with differences in tumor biology. 11 Studies of other genetic nuances specific to Japanese patients with GBCA also have demonstrated mutations in epidermal growth factor receptor family genes, the telomerase reverse transcriptase (TERT ) promoter, cell cycle genes (eg, TP53 and RB1), AT-rich interaction domain 2 (ARID2), and PTEN and TSC1 inactivation. 12 Although the mutational landscape of GBCA in Japanese patients has been described, to the best of our knowledge, little is known regarding the molecular profile of GBCA arising in other regions. Given the growing body of literature suggesting that tumor mutations in actionable gene targets may underpin response to therapy, [13] [14] [15] [16] [17] [18] [19] [20] the further molecular characterization of GBCA within a regional context is critical.
Our previous work suggested that differences exist with regard to clinical features and expression patterns of GBCA tumors among patients who were treated at the Arturo Lopez Perez Foundation Cancer Institute in Santiago, Chile; Yokohama City University in Yokohama, Japan; and the Memorial Sloan Kettering Cancer Center (MSKCC) in New York City. 10, 21 Collectively, these studies have suggested that there are differences in GBCA that are based on country of origin. In the current study, we build on this prior work by comparing the landscape of cancer-specific mutations in tumor samples from patients with GBCA who were treated in Chile, the United States, and Japan. We also assessed differences in clinicopathologic factors among these groups and examined how driver mutations influenced survival.
MATERIALS AND METHODS

Patients and Specimens
After institutional review board approval from all 3 centers, patients with GBCA who were treated between September 1999 and March 2016 and for whom primary tumor tissue from cholecystectomy or encompassing liver resection was available were included. Noting earlier work identifying important differences in the genomic profiles of patients with primary and metastatic tumors, 22 a total of 14 patients for whom only metastatic tissue was available for genomic sequencing were excluded. All specimens were reviewed by pathologists experienced in the diagnosis, grading, and staging of GBCA to determine specimen adequacy for genomic analysis. Only specimens with adenocarcinoma and adenosquamous histologies were included. Six patients with other histologies were excluded, including 2 patients with neuroendocrine carcinoma, 1 patient with small cell carcinoma, 1 patient with sarcomatoid features, and 1 patient with cholangiocarcinoma. Information regarding clinical and pathologic variables, surgical history, perioperative outcome, histopathology and staging, follow-up, and survival were reported collectively and by treatment center. Tumor specimens collected by biopsy or resection of the primary gallbladder site and paired normal tissue were included in the analysis. For survival calculations, only those patients who underwent complete, potentially curative surgical resection were included.
Variables
Clinical and pathologic information was collected retrospectively. When GBCA was diagnosed after cholecystectomy for presumed benign disease, the case was classified as incidental. Patients were considered to have primary GBCA when the diagnosis was known or suspected preoperatively. TNM classification and staging of GBCA was performed according to the eighth edition of the American Joint Committee on Cancer. 23 Tumor histology, tumor grade, lymph node status, and perineural and vascular invasion were identified from the pathology report. Curative resection was considered to be the removal of all tumor tissue with the goal of no tumor cells visible at the surgical resection margin. Any resection leaving behind tumor intentionally (for a palliative resection) or at a positive surgical margin was considered to be incomplete. Diagnostic procedures were performed percutaneously, laparoscopically, or during an aborted open resection. Resection of the gallbladder bed included segments IV and V. A hepatectomy involved resection of an entire lobe of the liver. An extended hepatectomy involved resection of an entire lobe and a portion of the contralateral liver.
Workup and Treatment
The approach to the diagnosis and management of patients with GBCA at each institution has been described previously. 10, [24] [25] [26] [27] For patients with incidental GBCA, preoperative imaging most commonly consisted of ultrasound of the right upper quadrant. In some cases of incidental GBCA and the majority of cases of primary GBCA, contrast-enhanced computed tomography and/ Cancer February 15, 2019 or magnetic resonance imaging of the abdomen and pelvis as well as computed tomography of the chest was performed. At the discretion of the medical oncologist or operating surgeon, [ 18 F]fludeoxyglucose-positron emission tomography scans also were performed.
Staging laparoscopy typically was performed to exclude patients with metastatic disease when suspected. The degree of hepatic resection depended on the extent of disease and the optimal oncologic strategy to obtain negative surgical margins. Beyond resection of the liver, common bile duct excision was performed when it was not possible to obtain negative surgical margins from cystic duct resection, although this occasionally was performed to obtain better clearance of involved lymph nodes. Although vascular involvement (hepatic artery or portal vein) generally was considered to be advanced disease, vascular resection and reconstruction were performed selectively.
Systemic chemotherapy regimens varied and were determined by the medical oncologist based on guidelines and ongoing clinical trials. Adjuvant systemic chemotherapy pertained to therapy initiated after resection of GBCA. Preoperative systemic chemotherapy was initiated prior to GBCA resection.
Genomic Analyses
Paired DNA from tumor specimens and companion normal tissue was analyzed using the Memorial Sloan Kettering-Integrated Mutation Profiling of Actionable Cancer Targets (MSK-IMPACT) assay, a targeted nextgeneration sequencing platform designed to detect point mutations, copy number alterations, and select gene translocations or fusions in 341 to 410 cancer-associated genes. 28 Mutational burden was adjusted based on megabase (mb) per IMPACT panel size: IMPACT-341 by 1.2 mb and IMPACT-410 by 1.38 mb based on a precedent from prior work. 29 Analysis of the sequencing data was performed as described previously. 28 Genomic data were stored and analyzed on a secure, institutionally licensed server for large-scale cancer genomics data (cBioPortal for Cancer Genomics). 30, 31 Actionable gene targets were defined by the MSKCC OncoKb database or reported in prior publications to be somatic alterations found to confer some heightened response or resistance to therapy relative to the wild-type configuration. 19 
Statistical Analysis
Patient and surgical characteristics were compared between centers using the Fisher exact test and the Kruskal-Wallis test when appropriate. Somatic alterations, including point mutations, copy number alterations, and fusions, were analyzed jointly. Gene mutations were tabulated and mutations that were found to be present in at least 6 patients were considered for formal statistical tests. Somatic alterations involved in common pathways, including cell cycle, chromatin remodeling, HIPPO, MYC, NOTCH, NRF2, phosphatidylinositide 3kinases (PIK3), p53, receptor tyrosine kinase (RTK)-RAS, transforming growth factor β (TGF-β), and WNT, were described. Somatic alterations and mutation burden, as well as common pathways between centers, were compared using the Fisher exact test and the Kruskal-Wallis test when appropriate.
Associations between mutations and pathology characteristics (stage of disease, lymphadenopathy, vascular invasion, perineural invasion, and tumor grade) were analyzed using univariate logistic regression. Overall survival (OS) was calculated from the time of surgery until death for surgical patients as well as in the subset of patients who achieved complete resection. Patients who were alive at the time of last follow-up were censored. Mutations or pathway alterations that were present in at least 10 patients were included in analyses of survival outcomes. The log-rank test was used to assess the difference in survival based on the presence of somatic alterations. We explored the relationship between somatic alterations and OS while controlling for known confounders with multivariable Cox proportional hazards regression.
Mutual exclusivity was assessed with a 1-sided Fisher exact test and the effect size, when possible, was evaluated using the log odds ratio (log-OR). The 1-sided P value tested the alternative hypothesis that individual genes and gene pathways are mutually exclusive.
Correction for the false discovery rate was used to adjust P values with a separate correction for each outcome (ie, for site differences, for each pathology variable, and for each survival outcome) and separately for individual genes versus pathways. In the mutual exclusivity analyses, P values were adjusted overall for all combinations of genes. Two-sided adjusted P values (P-adj) < .05 were considered to be statistically significant. All analyses were performed using SAS statistical software (version 9.4; SAS Institute Inc, Cary, North Carolina).
RESULTS
Patients
A total of 81 patients were included from all centers: 21 patients from Chile, 11 patients from Japan, and 49 patients from the United States (Table 1) 
. The demographics
Cancer February 15, 2019 of the Japanese patients were notably different from those of patients from the other centers. Specifically, Japanese patients on average were older (median age, 72 years [range, 54-81 years]) and were less often female (4 of 11 patients; 36%), especially in comparison with Chilean patients, who were younger (median age, 59 years [range, 32-73 years]) (P = .002) and more often female (17 of 21 patients; 81%) (P = .048). It is interesting to note that there were no patients of Japanese descent in the American cohort. Japanese patients accounted for all cases of well-differentiated disease (5 of 11 patients; 46% [P < .001]), and also were more likely to have had early-stage (stage I-III) disease (10 of 11 patients; 91%) when compared with patients from Chile (5 of 21 patients; 24%) or the United States (25 of 47 patients; 53%) (P = .001). In the current study, none of the Japanese patients had metastatic disease at the time of presentation, compared with 18% of the patients from the United States (9 of 49 patients) and 76% of the patients from Chile (16 of 21 patients) (P < .001). Table 2 describes the surgical details for the 71 patients who underwent surgical intervention. Approximately two-thirds of patients underwent curative resection (47 of 71 patients; 66%), whereas tumor tissue was collected from the remaining patients at the time of a diagnostic (8 of 71 patients; 11%) or palliative (16 of 71 patients; 23%) procedure. No significant differences were observed across the 3 institutions with regard to the frequency of lymph node status (P = .22), perineural invasion (P = .16), or vascular invasion (P = .08), although each was common (56%-66%). All surgical resections performed in the Japanese patients were complete resections. Figure 1 illustrates a heat map of the most common mutations stratified by country of origin. TP53 was the most commonly mutated gene across the cohort (47 of 81 patients; 58%) followed by SMAD family member 4 (SMAD4) (25 of 81 patients; 31%) and AT-rich interaction domain 1A (ARID1A) (20 of 81 patients; 25%). The Cancer February 15, 2019 majority of somatic alterations observed were point mutations. Table 3 breaks down the mutation data overall and across treatment sites. In comparison with earlier reports, approximately 93% of mutations detected herein were found to be associated with GBCA previously. 12, [32] [33] [34] [35] [36] [37] [38] Chilean patients had the highest mutation burden, with a median of 7 (range, [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] , compared with 6 in the Japanese patients (range, 1-23) and 4 in the American patients (range, 0-27) (P-adj = .006). Mutation burden was not found to be significantly associated with stage of disease (P = .17). It is interesting to note that none of the 11 Japanese patients (0%) had an ARID1A mutation, compared with 38% of the Chilean (8 of 21 patients) and 25% of the American (12 of 49 patients) patients (P-adj = .35). Similarly, phosphatidylinositol-4,5-bisphosphate 3-kinase catalytic subunit alpha (PIK3CA) mutations were identified exclusively in the Chilean (3 of 21 patients; 14%) and American (7 of 49 patients; 14%) patients (P-adj = .68). Furthermore, Erb-B2 receptor tyrosine kinase 3 (ERBB3) (P-adj = .45) and ARID2 (P-adj = .51) mutations were not identified in the Chilean cohort, but both were present in 9% (1 of 11 patients) and 9% (1 of 11 patients), respectively, of the Japanese patients, and 12% (6 of 49 patients) and 10% (5 of 49 patients), respectively, of the American patients. TP53 mutations were more common in Chilean patients (16 of 21 patients; 76%) compared with the Japanese (6 of 11 patients; 55%) and American (25 of 49 patients; 51%) cohorts, but this difference was not statistically significant (P-adj = .45). Across all centers, 80% of patients had at least 1 mutation in an actionable gene target.
Somatic Alterations
As shown in Table 3 , no significant differences were noted across the 3 patient cohorts when mutations were grouped into gene pathways (P-adj = .62 to > .95). Mutations in the p53 (59 of 81 patients; 73%) and RTK-RAS (36 of 81 patients; 44%) pathways were the most common overall. No significant relationship was found between any somatic mutation or gene pathway with regard to tumor grade (mutation: P-adj = .86 and pathway: P-adj = .31 to .91), lymphatic invasion (mutation: P-adj = .67 to >.95 and pathway: P-adj = .35 to >.95), perineural invasion (mutation: P-adj = .50 to .84 and pathway: P-adj = .33 to .91), vascular invasion (mutation: P-adj = 0.25 to >.95 and pathway: P-adj = .35 to >.95), or stage of disease (mutation: P-adj = .30 to>.95 and pathway: P-adj = .17 to >.95). In addition, although gallstones were observed in a minority of Japanese patients (36% vs 67% for Chile and 69% for the United States [P = .13]), no mutations (P = .34 to .92) or gene pathways (P-adj = .25 to >.95) were found to be linked to gallstone-associated GBCA.
Survival
The median survival of patients undergoing complete resection (46 patients) was 19.6 months (95% confidence interval [95% CI],14.5-28.8 months) and the 5-year survival rate was 18% (95% CI, 8%-31%). Patients with a SMAD4 mutation had worse OS (median, 10.4 months; 
Mutual Exclusivity
At the time of formal testing for mutual exclusivity and co-occurrence among the most commonly mutated genes, mutations in ATM and TP53 appeared to be mutually exclusive, with a log-OR of 1.92, but this was not found to be statistically significant (P-adj = .13), as shown in Figure 3 . There also appeared to be cooccurrence between SMAD4 and TP53, SMAD4 and KRAS, SMAD4 and cyclin-dependent kinase inhibitor 2b (CDKN2B), SMAD4 and CDKN2A, CDKN2A and CDKN2B, BRCA2 and AR, and BRCA2 and KMT2D, as well as ARID2 and TERT mutations; however, none of these pairs reached adjusted statistical significance.
Other than CDKN2A and CDKN2B, which reside adjacently on chromosome 9, none of the other pairs share a chromosomal location.
DISCUSSION
GBCA is the most common biliary tract malignancy worldwide, and is associated with poor OS. 1, 39 The global incidence of GBCA varies strikingly, and there is support for a geographic influence on pathogenesis. For example, in a study of South Asian patients (a demographic known to have aggressive variants of GBCA with high mortality 40 ), those who moved to the United Kingdom continued to demonstrate the same rate of GBCA-associated mortality but, interestingly, the mortality for subsequent generations diagnosed with GBCA mirrored that of native UK patients diagnosed with GBCA. 5 A better understanding of GBCA locality is important not only for understanding the disease but also for the design of future clinical trials that may include international centers.
The findings of the current study not only support the possibility of regional differences in tumor biology but also suggest that different drivers of tumor biology may be identifiable. Although to the best of our knowledge the literature investigating the clinical implications of GBCA mutations is limited, studies in other cancers have shown that mutational patterns have important treatment ramifications, such as KRAS mutant-associated resistance to cetuximab therapy in patients with colorectal cancer. 13 It is important to note that approximately 80% of patients in the current study had at least 1 mutation in a potentially actionable gene target. 19 Therefore, the early identification of GBCA mutations has the potential to inform better, more tailored therapy.
Previous work from our group has described related differences in RNA expression from GBCA tumors arising in other patients from Chile, Japan, and the United States. 21 Therein, we noted that the Japanese patient cohort completely lacked MDM2 expression. Although the MDM2 mutation was uncommon in this study (6%), it Cancer February 15, 2019 shares the same pathway as TP53 (occurs more frequently in Chileans) and ATM (found to be protective of survival in patients with intrahepatic cholangiocarcinoma; unpublished data). The detection of p53 was found to be lowest in Japanese patients in that study as well. Similar clinicopathologic differences also were demonstrated, including male predominance, less gallstone-associated disease, and less advanced tumor stage in Japanese patients compared with the patients from Chile and the United States. 10, 21 In the current study, the cohort of Japanese patients were older at the time of presentation, appeared to have less aggressive histology, and had a lower incidence of metastatic disease, suggesting a different tumor biology from that in the other 2 cohorts from Chile and the United States. Japanese patients were predominantly male, whereas patients from the other centers were for the most part female. The sex difference is most striking in comparison with Chile, where GBCA has the highest mortality rate and is a common cause of cancer death in women. 6, 7 In contrast, female sex is associated with a survival advantage in earlier reports of Japanese patients. 8 Similar clinicopathologic differences were demonstrated in our previous work. 10, 21 It is interesting to note that pathologic findings such as lymph node status as well as perineural and vascular invasion did not appear to differ significantly among the cohorts. In the current study, the rate of gallstone-associated disease was lower in patients from Japan, but this difference was not found to be statistically significant, possibly due to the small sample size in the current study. In contrast, previous studies of clinical differences between patients from these countries demonstrated significantly more gallstone-associated GBCA in Chilean patients and less frequent incidental diagnoses of GBCA in Japanese patients. 10 Differences in somatic alterations align with the aggressive nature of GBCA in the Chilean population, in whom the mutation burden was greatest among the cohorts. Although no specific somatic or gene pathway alteration was found to be significantly more prevalent among the cohorts, several mutations were notably absent in specific populations. No instances of ARID1A or PIK3CA mutations were observed in the Japanese patient cohort, which contrasts with one report identifying inactivating ARID1A mutations in Japanese patients. 38 In contrast, other reports using sequencing assays failed to find ARID1A mutations among Asian patients. 37, 40, 41 In addition, TP53 mutations were more prevalent in the Chilean cohort (76%), although this difference did not reach statistical significance. Prior reports have noted that TP53 mutations occur in 47% to 64% of patients. 37, 41 Moreover, Chilean patients lacked ARID2 and ERBB3 mutations.
In contrast, the SMAD4 mutation was found to be present in approximately one-third of patients in the current study and was associated with worse survival. This may suggest that although some gene mutations (eg, PIK3CA, ARID1A, ARID2, and ERBB3) are regionspecific drivers, SMAD4 may represent a converging pathway to poor prognosis. Although SMAD4 is involved in TGF-β signaling, somatic alterations in this overall gene pathway were not found to be associated with a survival difference in the current study. In light of the poor survival of Chilean women with GBCA, there is interesting evidence to suggest that estrogen contributes to tumorigenesis through the TGF-β signaling pathway. 7 In a mouse model, an inactivating mutation in a nuclear receptor subunit involved in TGF-β signaling, liver X receptor beta (LXR-beta), was associated with the formation of preneoplastic lesions in female gallbladders. 42 It is interesting to note that this effect disappeared after oophorectomy, thereby suggesting an estrogen-dependent mutation driver.
The current study has several limitations. First, the small sample size, although large in comparison with other published studies of this type, limits the power to make definitive conclusions. The low incidence of GBCA restricts the number of patients who can be enrolled in these studies. 1,4 Second, the retrospective nature of the current study introduces inherent limitations, such as selection biases and heterogeneous samples. We reduced some of this heterogeneity by limiting the current study to primary tumor tissue samples and common histologies. However, the inclusion of metastatic tumor specimens in future studies may reveal nuances in the genomic profile not captured from analysis of the primary tumor. Furthermore, although approximately 70% of gallbladder cancers are diagnosed incidentally, 43 only 21% of patients in the current study had incidental tumors. This low percentage of incidental diagnoses is expected because these cases often do not have enough tumor specimen available for genomic testing. Third, although several differences were identified between the sample cohorts, it is uncertain whether these reflect the respective national populations of the participating centers or selection bias resulting from nonconsecutive patient enrollment. As noted, earlier reports have identified several mutations associated with GBCA, including TP53, SMAD4, ARID1A, PIK3CA, TERT, KRAS, ERBB3, ARID2, CDKN2A, and CDKN2B. 12, 33, 36, 37 Cancer February 15, 2019 Approximately 93% of patients in the current study had at least 1 mutation in a gene previously reported, suggesting that the genomic spectrum reported herein is reflective of prior work. Fourth, comparison of gene pathways may be best accomplished with expression assay data rather than genomic sequencing because we cannot determine whether compensatory pathways dampen the impact of observed mutations. Despite these limitations, the data presented in the current study suggest the possibility of regional differences in disease biology.
Clinicopathologic dissimilarities among patients with GBCA from different regions underscore the possibility of a unique pathogenesis potentially related to differences in mutational pattern. The absence of certain mutations (ARID1A and PIK3CA in Japanese patients and ERBB3 and ARID2 in Chilean patients) and the varying burden of tumor mutations may explain differences related to GBCA pathogenesis between regions around the world. With the majority of tumors harboring mutations in potentially actionable gene targets, investigation into differences in response to therapy within the context of tumor mutations may yield strategies for better outcomes with tailored therapy. Somatic profiling can highlight targeted therapeutic approaches. In addition, the SMAD4 mutation may be a similarly prevalent and convergent predictor of poor OS in patients from all 3 regions. 3, 21 Several studies to date have described concurring demographic and clinical features associated with GBCA across different regions in the world. Definitive conclusions must await confirmation in larger series.
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